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Al~raet---Of concern in this paper is analysis for the first stage of myocardial infarction. The study 
pertains to the pathological state of the left ventricle where the aneurysm develops at the middle layer 
of the ventrieular pex. An attempt ismade to account for the eccentricity of the ventricular geometry 
of the human body. Analytical expressions of various factors that determine the probable rupture 
condition of the heart muscle are derived. Using diastolic pressure-volume data for an infarcated heart, 
the derived analytical expressions are computed inorder to predict the measure ofthe angle of damage 
for the possible rupture of the ventricular wall. 
1. INTRODUCTION 
Normal functioning of body tissues and organs are usually regarded as the best of health. But 
various local diseases often affect the mechanical behaviour of the body tissues disrupting thereby 
the normal functioning of the tissues. Informations derived from investigations of various aspects 
of cardiac mechanics are useful not only to the clinicians for the proper treatment of different 
cardiac diseases but also to the bioengineers for choosing suitable implant materials to design 
artificial vascular organs for the purpose of prosthesis. 
It is well known that there exists a close relationship between the cardiovascular disease and 
the mechanical properties of blood vessels. The principle of continuum mechanics are being 
successfully applied nowadays to develop and analyze different mathematical models with an aim 
to explain various characteristics of body tissues and organs. 
The walls of the heart consist of three distinct coats. The innermost surface of the heart cavities 
is lined with a thin layer called the endocardium. The middle coat, called the myocardium is the 
thickest; it constitutes the main bulk of the heart muscle. Above the myocardium, there is the 
outermost coat which again consists of two layers. The inner layer is a serous membrane called 
the epieardium and the outer layer is the pericardium that is made of the fibrous tissues. The serous 
fluid which fills the space between the epicardium and the pericardium acts as a lubricating factor 
in sliding the outermost surface of the heart against he inner surface of the pericardium with least 
friction. The cardiac cavity is partitioned by connective tissue septa into four chambers--two 
neighbouring but separated auricles or atria (left atrium and right atrium) above and two ventricles 
(left ventricle and right ventricle) below. The main part in moving the blood is, however, played 
by the ventricles; the atria are of much less importance. Of the two ventricles, the left ventricular 
function is particularly important owing to its vital role in the systemic irculation from which 
greater part of the body receives blood. The highest blood pressure is observed in the left ventricle 
during its contraction. When the left ventricle contracts, blood is forced into the large aorta which 
supplies blood to different parts of the body except the organs receiving their blood from the 
pulmonary circulation. 
Myocardial infarction is caused by obstruction of the lumen of a coronary artery due to thrombi 
which occurs due to a blood clot or some other reason and which is responsible for the supply 
of blood to some portion of the heart muscle (particularly, the myocardium). The portion of the 
muscle which is deprived of its blood supply gradually softens and is then replaced by a scar. The 
local and anatomical recovery can take place in about a month. A minor infarction does not usually 
affect the contractility of the heart to an appreciable xtent. In severe infarctions, the scar tissue 
17 
18 J .C .  MISRA and S. I. StNGH 
gets multiplied over large portions of the muscle and thereby the contractility of the heart is reduced 
within limits. The morbid dilation or abnormal enlargement of the affected area is generally known 
as aneurysm. Myocardial infarction usually begins with an attack of angina pectoris. In fact, the 
disease--neurosis, hypertension and angina pectoris together with atherosclerosis may lead to 
myocardial infarction. A patient with myocardial infarction feels pain in the arm and the neck. 
This pain in most cases, is originated from an intense pain in the chest due to recurrence of myo- 
cardial infarction. This disease, in one way, is the concluding stage of the unfavourable influences 
on the organism, the heart in particular. 
The dimension of the ventricles change during systole and diastole of the heart. During systole, 
there is a decrease of 10-35% in the minor axis dimensions of the endocardium and a decrease 
in the length of the outflow tract (i.e. the distance between the apex and the aortic valve) by about 
1-5% [1-6]. Kluemper and Puff [7] as well as Hinds et al. [8, 9], also observed slight variation in 
the inflow tract dimension (that is, the distance between the apex and the centre of the mitral valve) 
with a decrease in the outflow tract and the circumference. These observations indicate that the 
ventricle contracts asymmetrically during systole changing the centre of mass from the inflow tract 
to the outflow tract [9-11]. Also during contraction of the heart, the thickness of the left ventricular 
wall increases by about 25.5% [4, 12-14]. 
The mechanical behaviour of the heart muscle can be divided into two states, namely the active 
state which is the stimulated state and the passive state which is the unstimulated state. The 
mechanical properties of the heart muscle in these two states are different. The active contraction 
of the myocardial muscles is the effect of the change in the preload and afterload. The contractile 
behaviour of the cardiac muscle has been described by Hill [15] through the use of a model 
consisting of three different elements--a contractile lement arranged in series with an elastic 
element and a parallel elastic element. The contractile lement is freely extensible at rest (that is 
to say, it has zero tension) but shortened when activated. The parallel element serves to account 
for the elasticity of the muscle at rest. However, this model fails to describe the so-called "active 
state", since the arrangement of the three elements in the model may not be unique. A number 
of investigations have already been made on the structure and ultrastructure of the parallel and 
series elastic elements. The contractile lements have also been identified with the sliding 
actin-myosin molecules, and the generation of active tension with a number of active cross-bridges 
between them. This mechanical structure is nicely described in the communications of Huxley [16] 
and Fung [17]. 
The role of the unstimulated cardiac muscle is important in myocardial mechanics, because the 
resting tension in the heart muscle is a significant determinant of the cardiac function owing to 
the fact that it determines the end-diastolic and stroke volume of the heart. In general, the 
properties of the resting heart muscle are investigated in vitro in a specimen or part of the heart, 
i.e. ventricles, auricles, papillary muscles, etc. In the past few decades, many types of devices have 
been developed for testing the heart muscle [18-21]. It has been revealed that the heart muscle as 
a whole in the passive stage is inhomogeneous, anisotropic and incompressible from the view point 
of mechanics [22]. Streeter et al. [23] observed that about 60-70% of the myocardial fibres at 
the equator (base) are essentially oriented in the circumferential direction and that in the region 
close to the endocardial nd epicardial surfaces, the fibres are oriented between 0° and + 90 ° to 
the equator. The viscoelastic behaviour was also observed by several investigators [24-28]. The 
properties are dependent on temperature and other environmental conditions. 
Pinto and Fung [22] examined experimentally as well as theoretically the mechanical properties 
of rabbit papillary muscle in the passive state and conceived useful ideas about he stress relaxation 
behaviour, stress-strain behaviour in loading and unloading at a constant rate, behaviour in 
harmonic vibration and nature of creep. This study also demonstrates the validity of the hypothesis 
of Fung [29] for reducing the stress relaxation function as the product of a normalized or reduced 
relaxation function (which is time-dependent) and the elastic response function (which depends on 
the temperature and stretch ratio of specimen length). It is asserted that the theory of linear 
viscoelasticity can be applied to the nonlinear papillary muscle. The phenomenon of reduced 
relaxation was recently studied by means of appropriate xperimental procedures for isolated 
cardiac muscle of a cat and a rabbit, by considering a suitable mathematical model for the stress 
relaxation. 
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Owing to the vital role of the myocardium in the normal functioning of heart, problems related 
to ventricular aneurysms of human and subhuman primates have been receiving rowing interest 
by different investigators. It is now a well-established fact that ventricular aneurysm is a sequel 
of myocardial infarction that not only results in the reduction of the cardiac output as well as loss 
of myofibril contractility and stiffness, but also possesses the potential to cause mechanical, 
electrical, metabolic, vascular and neural disturbances. Myocardial infarction, according to Bogen 
et al. [30], may be categorized into four stages, viz. (i) immediate infarction, (ii) acute infarction, 
(iii) subacute infarction and (iv) chronic infarction. The first stage is the myocardial state without 
any contractile function, in which the passive or diastolic length-tension relation remains un- 
changed. The second stage "acute infarction" is a state of several hours post-infarction wherein 
the mechanical properties are unstable. The "subacute infarction" isa state attained one week after 
the onset of infarction, while the "chronic infarction" which is a state of several months post- 
infarction is, in most cases, associated with extensive fibrosis and scarification. 
The boons of mathematical modelling in various tudies of health sciences have been elaborately 
discussed by Misra [31]. 
The fact that harmful experiments cannot be carried out with the ventricles of living human 
beings and that the observations drawn from the experiments performed with subhuman primates 
cannot be readily applied to the human system, emphasize importance of modelling (mathematical/ 
experimental) in various studies of ventricular mechanics. It is agreed that an experimental model 
may be constructed more accurately than even a highly satisfactory mathematical model on 
ventricles, available till date. The main disadvantages of experimental modelling of ventricles are, 
however, two-fold. Such studies, on the one hand, are in most cases quite expensive and on the 
other hand, are often very time-consuming; one requires a lot of time to perform the necessary 
measurements and to collect the required data. However, by using a mathematical model, it is 
possible to study the same problem promptly as well as comfortably with much less expenditure; 
with a particular model, one can explore a variety of situations by way of parametric variation. 
The choice of the model has to be made by paying due attention to the structure as well as the 
geometrical shape of the ventricle. Considering simplified geometry, several attempts were made 
in the past by different investigators to have an understanding of the essential features of the wall 
motion as well as the interaction between the wall and the fluid dynamics. For studying the wall 
stresses, the left ventricle was modelled as a fluid-filled spherical vessel by most of the previous 
investigators. Ellipsoidal and prolate spheroidal models also were tried by several authors. 
Assuming an ellipsoidal configuration for a human left ventricle, Sandier and Dodge [32] found 
insignificant differences between calculated and measured values of the transverse diameters, the 
measurements being taken from biplane cinecardiographic f lms. From a study of ventricular 
dimensions of dogs, Ninomiya nd Wilson [33] proclaimed that a model consisting of an ellipsoid 
of revolution serves as the best approximation of the left ventricle. This model was also validated 
by Koushanpour and Collings [34]. Ghista et al. [35] used finite element analysis for the left 
ventricular wall medium wherein the wall was divided into triangular elements. They, however, 
observed significant differences between the stress values computed by using the finite element 
analysis and those calculated with the consideration of the ellipsoidal model. For studying the 
dynamics of the left ventricular wall and that of the fluid inside, Back [36] examined various 
geometrical models, viz. an ellipsoid of revolution, an arbitrarily shaped model and a cylindrical 
model. In order to demonstrate he influence of structural anisotropy and nonhomogeneity of 
cardiac tissues as well as the pericardial pressure on the distribution of stresses in the wall of the 
left ventricle of the intact heart, Misra and Singh [37] considered the left ventricle to have a prolate 
spheroidal shape and took the viscoelastic behaviour (observed experimentally) of cardiac tissues 
into account. 
Use of a mechanical model in the study of the distortion associated with ventricular infarction 
seems to have been made for the first time by Patterson and Starling [38]. The behaviour of systolic 
paradoxical motion in acutely ischemic myocardium was demonstrated byTennant and Wiggers 
[39]. The diminished cardiac output ogether with the falling blood pressure during this paradoxical 
motion was observed by Murray [40]. Lowe and Love [41] developed a mathematical model for 
the study of ventricular aneurysms; they used the linear length-tension relation proposed on the 
basis of experimental data for cardiac muscle. Gorlin et al. [42] in their studies of ventricular 
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aneurysms in a number of patients, noticed lack of wall motion in the region of the aneurysm in 
majority of the patients, local paradoxical expansion was observed in only a few of them. In most 
of the patients, the aneurysms were found to be located at the apex or on the anterior surface with 
size equal to 10-50% of the ventricular surface area. Lewis et al. [43] and Penther [44] found that 
the rupture of aneurysms occur during the first week of myocardial infarction which is linked with 
the genesis of the aneurysms. Several recent experimental studies [45-50] indicated remarkable 
discontinuity in between ecrotic and normal tissue in this infarcted myocardium. Very recently, 
Apstein and Ogilby [51] reported a significant change in the direction and the frequency of the 
motion of the myofilaments before and after the infarction. It was noted further that the muscle 
fibres in the infarcted region are stretched uring systole, while those in the non-infarcted regions 
are contracted (i.e. shortened). Moreover, it was reported that owing to the tension exerted on the 
ischemic segment by the surrounding fibres which normally contract, the fibres consume more 
oxygen in the ischemic region with increased afterload on the ischemic segment. Thus, the enhanced 
stress may possibly increase the myocardial injury when the demand for oxygen exceeds the 
marginal oxygen supply, because myocardial oxygen consumption is directly related to the 
myocardial stress [52]. Forrester et al. [53] studied experimentally the pressure-volume relation of 
a canine heart before and after infarction and noticed significant variation in the said relation in 
these two states. Cobb et al. [54] observed that before infarction, the ratio of blood flow in the 
circumflex to that at the anterior descending coronary regions is equal to unity. After infarction, 
however, the ratio of preocclusion regional blood flow in the infarcted zone to that in the 
non-infarcted regions is less than unity [55, 56]. Reimer and Jennings [57] observed that four days 
after the occurrence of myocardial infarction, the water content of the infarcted region was 
increased by 25% and further that inflammatory cell elements increased in proportion to the 
reduced ratio. For studying the stress developed in the infarcted ventricular wall, Mirsky et al. [58] 
employed an exponential constitutive relation to characterize the elastic properties of the wall 
tissues of the left ventricle. Determining the upper limits for the stress ratios and using the 
exponential data put forward by Lundlin [59], it was conjectured that the ventricular wall rupture 
may occur when the value of the stress ratios lie between 5 and 7.5. Mirsky et al. [58] predicted 
that the tearing of ventricular muscle is more likely to occur in the subendocardial region in the 
early period of infarction. This is in agreement with the clinical observations of Penther [44] that 
rupture of ventricular walls occurs more frequently in the early period following infarction. 
Recently, Radhakrishnan et al. [60] studied the spherical model of the left ventricular aneurysm 
by employing the length-tension relation for the contracted cardiac muscle. This study indicates 
that the innermost layer is stressed to the greatest extent and the ventricular rupture may occur 
in less time than that predicted by Mirsky et al. [58]. 
This paper deals with an investigation of the first stage of myocardial infarction, viz. the 
"immediate infarction" in the left ventricle of the heart. A mathematical model is developed and 
analyzed for the purpose, by approximating the left ventricle as an ellipsoid of revolution. As 
mentioned earlier, according to the observations on the geometrical configuration of the left 
ventricle, made by Ninomiya and Wilson [33], this is the best modelling in the references given. 
Unlike most of the aforementioned models which are based on the assumption of sphericity of the 
ventricle (for the sake of simplicity of the analysis), this model possesses the potential to account 
for the eccentricity of the left ventricular geometry. In analyzing the model, cardiac muscle is 
treated as an isotropic homogeneous and incompressible material. The elastic properties of the left 
ventricular tissues in the passive state are characterized byemploying a suitable constitutive r lation 
used previously by Mirsky et al. [58]. Both the normal and infarcted regions are considered to be 
ellipsoids of revolution before and after deformation due to pressure loading while the aneurysm 
is supposed to occur in the middle layer of the ventricular apex. The damaged muscle tissues are 
assumed to be replaced by an equivalent amount of fluid. Moreover, the angle of damage is taken 
to remain unchanged throughout the diastole. On the basis of the geometrical configuration of the 
model, several expressions which are useful for the calculation of the stresses generated in the 
infarcted zone of the left ventricle, have been derived by employing a constitutive r lation indicated 
earlier. With an aim to validate the model, using the diastolic pressure-volume data reported by 
Forrester et al. [53] for an infarcted canine heart, numerical values of the stress ratios have been 
obtained by computing the appropriate analytical expression derived from the model analysis. 
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2. THE MODEL 
For studying the mechanical behaviour of ventricular aneurysm, the left ventricle of a 
human-sized heart is modelled as an ellipsoid of revolution, consisting of three layers. The 
aneurysm is assumed to have developed in the central ayer in a region surrounding the apex of 
the ventricle. Figure 1 shows the schematic representation f such an infarcted left ventricle. The 
various parameters used in the study of the infarcted ventricular geometry are as follows: 
Al, d2--endocardial semi-major and semi-minor axes of the non-infarcted portion 
of the ventricle; 
A l i, AE2--semi-axes of the epicardium together with the wall, so that d ii =d i  + h and 
A22 = A2 + h, where h represents the wall thickness; 
rt, r2--semi-major and semi-minor axes of the inner surface of the inner bulge; 
rl~, r22--semi-axes of the outer surface of the same bulge with the inner bulge 
thickness hi,  SO that rll = r I + h I and r22 = r2 + hi; 
Rl, R2--semi-major and semi-minor axes of the inner surface of the outer bulge; 
R . ,  R22--semi-axes of the outer surface of the same bulge with the outer bulge 
thickness h2. Thus, R~l = Rl + h2 and R22 = R 2 d- h2; 
27J--angle of damage which is related to the corresponding eccentric angle of 
damage 2~'  by the relation 
cot ~ '  = ~ cot 
i 
20, 2~b--angles subtended by the inner and outer bulges to their own ellipsoidal 
centres, the respective ccentric angles 20' and 2~b' being related to these 
angles as 
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Fig. 1. Schematic diagram of the infarcted left ventricle. 
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3. MATHEMATICAL  RELATIONS DERIVED ON THE BASIS OF THE 
MODEL GEOMETRY 
Referring to Fig. 1 for the geometrical configuration of the left ventricular model and using the 
notations introduced in the preceding section, the following two relations follow from the geometry 
of the inner and the outer bulges: 
r2 sin 0' = A 2 sin ~ '  (1) 
and 
R~ sin ~b' = (A22 - h2)sin ~v,. (2) 
If Vw be the volume of the wall tissues of the left ventricle, we have 
4~ 
Vw = -~- [(At + h)(A2 + h) 2 - A, Az]. (3) 
If the wall tissues are considered to be incompressible, the above quantity may be treated as a 
constant. 
The internal volume Vi, of the infarcted ventricle can be written as 
4~ 2 ~ 0 '  ~ ~'  Vi=- - -~AtA2+- (~r , r~(8 -9cos  +cos30 ' ) - - i -~AtA~(8-9cos  + cos 3~') .  (4) 
The volume of the damaged tissues, indicated by the shaded region in Fig. 1, may be approximated 
as  
7c 2 - ]~RtR2(8-  9cos~b'+ cos3q~')-  rr r~2(8_9cosO,+cos30, )  --i-2 r t i 
"~ ~ [(Zbn -- h02)(A022 - h02)2 _ (Ao, + hot )(Ao2 + hot )5][1 - 3A' cos ~u' + ½A" cos 3 ~P'], (5) 
where the symbols with the subscript "0" denote the values of the corresponding quantities at zero 
stress level and 
A'  = [ (Ao .  - h02) (A022 - h02) 2 - (Aol~ - -  h02) (A02 + ho l )2 ] /A" ,  
A" = [(Aol I -- ho2)(Ao22 - -  ho2)2 _ (Ao~ + hot )2 (Ao I I  - -  ho2)3/(Aol + hot )Z]/A " 
in which 
A " = (Aolt -- ho2)(Ao22 - ho2) 2 - (Aot + hot )(Ao2 + hot  )2. 
The condition of incompressibility asserts that the bulge thicknesses htand h2 are approximately 
given by 
(At + ht )(A2 + h2) z - At A ~ .-. (A o, + hot )(A02 + hot )2 _ Aot A22 (6) 
and 
AnA2n (At t _h2) (A22_h2)2 . . .  2 - Aon A 022 - (Aojt - h02) (Aoz2 - h02)2. (7) 
4. STRESS-EQUIL IBRIUM CONDIT IONS FOR THE INNER AND OUTER 
BULGES OF THE ANEURYSM 
If Pt be the ventricular pressure (that is, the pressure xerted by blood on the inner surface of 
the wall of the left ventricle), the average stress tra in the undamaged portion of the ventricle is 
given by 
aa(A~ - A~) = erAS. (8)  
If the epicardial surface be taken to be free of tractions, the equilibrium of forces acting on the 
inner and the outer bulges of the infarcted zone of the left ventricle, asserts 
ao(r22 - r~) = Pt  r~ - -  Pyre2 (9) 
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and 
a,(R22 - g~) = P[R~, (10) 
P/being the pressure exerted by the fluid that occupies the damaged region, acting on both the 
bulges. 
Equations (8)-(10) yield the following relation: 
A22 ' [r22 r22(R22 ) 
E=- I  ~r2 1 So+- -  1 S~=O, (11) - -w  * - \ - 
where So = tro/a, and S¢ = a,/0a denote the stress ratios defined as the ratios between the average 
stresses in the infarcted zone and those in the non-infarcted zone. In the present study, the 
exponential form of stress-strain (a -e )  relation, viz. 
a = A(e k' - 1), (12) 
has been used to characterize the mechanical behaviour [58] of the normal muscle in its passive 
state. In the above relation, A and k are elastic constants determined from the pressure-volume 
relations, tr is the stress and E the natural strain defined as 
E = ln(l/lo), 
1 and 10 being the lengths in the deformed and undeformed states, respectively. 
Employing the relation (12), the expressions for So and S~ are found as 
So = [exp(keo) - 1]/[exp(ke "o - 1] (1 3) 
and 
SO = [exp(k% - 1)][exp(ke~ - l] (14) 
where the strains e0, E~, % and e; are given by 
E 0 = 
and 
E¢ = 
ln[(L, + L2)/(Lo, + Lo2)] ,
ln[(S, + $2)1(So, + So2)], 
ln[(M, + M2)/(Mo, + Mo2)] 
e~ = ln[(& 
In the expressions above, the subscript "0" 
arc lengths Li, Loi, M~, Mo. Sj, Soj (i = 1, 
and non-infarcted zones are given by 
;[ Ll = 2rl 1 
L2-- 2r,, ; [1  
s,;2~,;o" [, 
+ $4)/(S03 + S04). (15) 
refers to quantities in a state of zero stress. The elliptical 
2; j = 1, 2, 3, 4) for the different layers of the infarcted 
2 2 11/2 r I - -  r 
r~ cos' 0 d0, 
2 2 11/2 r l l - -r22cos20 dO, 
r21~ 
2 2 11/2 RI -- R2 ^^^2 
R~- ~ uu~ ¢ d~b, 
R~ - R~2 ~_~2 T/2 
A~ - -  A 2 "]1/2 
A~ 2cos2 ~rJ j d~,  
ff [ (A, + ht)2_ (A2+ h,)2 ],/2 $2 = 2(A~ + h~ ) I (A, + h, )2 cos  2 ~u d~U, 
S3=2(A , , -h2)  l (Au-h2)2 - - (A22-h2)2^- '2P  dP  
- (All -- h2) 2 ~.u~ 
24 J .C .  MISRA and S. I. SINGH 
and 
S4=2A. ff[1 A~I---A22^o~2 A~! ~ ~ ~d 1/2 d~'  1 (16) 
while the expressions for the zero subscripted quantities L0i, M0i and Soj are obtained from equation 
(16) if all the geometrical parameters (except he angle of damage ~v alone) are replaced by the 
corresponding parameters for the state of zero stress. 
Expressions (l 3) and (14) together with (15) and (16) may now be substituted into equation (1 l) 
in order to determine the geometrical parameters. The computed values of these parameters may 
be used further to calculate the height ratios H o and H~, of the inner and outer bulges, which are 
defined as the ratio of the height of the bulge to the corresponding height in the pre-infarcted (that 
is, normal) state and given by 
rl(l - cos 0') R1(I - cos ~') 
H°=Al ( l -  cos ~' )  and Ho=(A l l -h2) ( l -  cos tP')" (17) 
5. NUMERICAL RESULTS AND DISCUSSION 
We have employed an interative technique (described in the Appendix) to compute the numerical 
values of the circumferential stress ratio corresponding to different angles of damage. Cubic 
equations, transcendental equations and elliptic integrals involved in the analysis of the math- 
ematical model under consideration are first solved by using appropriate numerical techniques. The 
computational work is carried out by using the pressure-volume data (given in Table 1) put 
forward by Forrester et al. [53] for an infarcted canine heart. The value of Vw, the volume of the 
normal left ventricle is taken to be 85 ml, while the assumed value of the stiffness constant k is 
17 [58]. The ratio of the major to minor axes of the endocardium of the normal ventricle is taken 
to be 2.5, while the values considered for the same ratio for the inner and outer bulges are 
respectively 2.0 and 1.76. The bulge thicknesses h0~ and h02 are taken to be 0.1 and 0.5, respectively. 
Using the computed values of the various geometrical parameters, numerical values of the stress 
ratio So have been calculated for different values of the angle of damage 2~. The computed values 
are presented in Table 2. For the purpose of comparison, the corresponding values reported by 
Lowe and Love [41], Mirsky et al. [58] and Radhakrishnan et al. [60] are also quoted in the same 
table. 
It may be mentioned that in all these three previous analyses, the eccentricity of the left 
ventricular geometry was totally ignored. The constitutive relation used for the present in- 
vestigation is similar to that considered by Mirsky et al. [58]. Moreover, in both of these analyses 
the mechanical behaviour of the aneurysm is examined for the passive state of the cardiac muscle. 
A comparison of the results computed on the basis of the analysis of the mathematical model 
considered in this paper with those of Mirsky et al. [58] reveals that the left ventricular eccentricity 
reduces the stress generated in the inner bulge for smaller values of the angle of damage but 
increases the same for larger values of the angle of damage. 
While an exponential (diastolic) material is considered in the present study as well as in the study 
of Mirsky et al. [58], a linear (systolic) material has been the subject of study in the analysis of 
Radhakrishnan et al. [60]. Thus, the numerical values presented in Table 2 assert that the 
circumferential stress in the inner bulge during systole is of a magnitude greater than that during 
diastole. The results predicted by Lowe and Love [41] are, however, of a much lesser magnitude. 
Table 1. Pressurc-volume data 
Volume in ml Volume in ml 
P (mmHg) (normal state) (infarcted state) 
0 30 38 
5 50 58 
10 62 72 
20 72 86 
30 76 92 
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Table 2. Stress ratio S o for different values of 2~ in the inner bulge 
Results of 
Angle of damage Present Lowe and Mirsky Radhakrishnan 
2~ (in degrees) study Love [41] et al. [58] et aL [60] 
20 1.07 1.40 3.37 5.62 
40 4.46 2.13 4.90 7.85 
60 7.03 2.69 6.13 9.45 
80 10.61 3.09 7.50 10.60 
A further analysis of the computational results indicates that the stress attains its maximum on 
the inner bulge of the infarcted zone. This is in agreement with the observations ofprevious tudies. 
Moreover, the results computed on the basis of the present study show that when the angle of 
damage is 40 °, the stress ratios for the inner and outer bulges are, respectively 4.459 and 2.113, 
while the height ratios are, respectively, 0.674 and 0.529. 
While having a look to the results of Table 2, it is worthwhile to reiterate that So represents he 
ratio between the circumferential stress ~0 in the inner bulge and the average normal left ventricular 
stress a a. Hence in order to find the stress generated atsome particular location of the inner bulge, 
the values presented in Table 2 have to be multiplied by the value of aa. Thus, although for certain 
angles of damage, the computed values of So in the present study seem not to appreciably differ 
from the corresponding values reported by the previous investigators, the difference would certainly 
be pronounced when one aims at making a similar comparison for the actual stress generated in
the inner bulge. 
On the basis of the experimental observation made by Lundin [59] that the ventricular wall may 
rupture at a stress ratio between 5 and 7.5, the present investigation predicts that rupture of the 
ventricular wall may take place at an angle of damage of about 40 °. This is almost he same as 
that predicted by Mirsky et al. [58]. Thus it appears that the ventricular eccentricity does not have 
any appreciable influence on the variation of the angle of damage which corresponds tothe rupture 
of the left ventricle. The angle of damage for the rupture of the ventricle predicted for systolic 
cardiac muscle is 35 °. It may thus be concluded that during systole, left ventricular rupture may 
occur at an angle of damage lower than that during diastole. 
6. CONCLUDING REMARKS 
1. It is quite apparent that in any study of the mechanical behaviour of the ventricles of the 
human heart during systole/diastole, consideration of the eccentricity of the ventricular geometry 
is very important. Among the various models examined by different investigators, the opinion has 
been that an ellipsoid of revolution is the best representation f the left ventricle [33, 34, 36]. Since 
the present investigation has been carried out with an aim to duly account for this vital factor, 
the mathematical model developed here is believed to represent the aneurysm echanics more 
accurately than the corresponding models considered by the previous researchers by ignoring the 
ventricular eccentricity. 
2. The analysis is based on the assumption that following an infarct, the mid-portion of the 
myocardium liquifies. Although a similar assumption has been made in most of the studies of the 
mechanics of ventricular aneurysms, including the Lowe and Love model and a number of its 
extensions, it may be pointed out that the situation may not be always like that. However, there 
exist clinical evidences [57] that the water content of the infarcted region increased by as much as 
25% only four days after the occurrence of myocardial infarction. So it is quite likely that after 
a few more days, the water content will increase normously. Thus, the situation for which the 
present investigation has been carried out is not far from reality. 
3. As in most of the previous tudies of the problem, the present analysis assumes that the 
border between the infarct and the non-infarct is of constant dimension. In reality, however, this 
dimension may expand. 
4. The model developed here could be made more realistic by taking account of the external 
pressure acting on the outer surface of the left ventricle. Of course, this external pressure is 
negligibly small in comparison to the intraventricular pressure. The analysis does not apply to the 
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situation wherein the aneurysm is developed on the anterior surface of the left ventricle. A separate 
analysis is required for such a situation. 
5. Due to non-availability of any parallel experimental measurement, it was not possible to 
assess the estimate of any error which might have been committed in the theoretical results 
predicted here. Of course, even when reports of exactly parallel experimental measurements are 
available, it is not completely meaningful to compare the results of a theoretical study with those 
of an experimental one, because there could be some inherent experimental error. By such a 
comparison, one can at the most verify the results qualitatively but not quantitatively in rigorous 
terms. 
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APPENDIX  
The iterative scheme employed for the determination of the values of the geometric parameters i as described below. 
I. Let A~/A2= A, so that one may write A~ = A~/A. 
2. Since 
4~ ~ 4~ 
V~>-~A~A~=~,  
an upper limit for A~, may be chosen as 
\4~ / " 
With this value of A m, one may now determine A2. 
3. Equation (3) gives the following cubic equation in "h":  
h 3 + (A~ + 2A2)h 2 + (A 2 + 2Ai)A2h - 3Vw = 0. 
4~ 
This equation may be solved to determine the value of "h".  
4. When h is known, we can get 
AH = A~ + h and A22 = A2 + h, 
5. The approximate relations (6) and (7) yield 
h~ + (A, + 2A2)h ~ + (A 2 + 2A~)A2h ~- [h3o~ + (Ao~ + 2A0~)h02, + (Ao2 + 2Ao,)Ao2ho~ ] = 0 
and 
]'/23 -- (All + 2A22)h~ + (A22 + 2AH)A22h2 - [h~2 - (Ao~ + 2A022)h022 + (A022 + 2AoH)Ao22ho2] = O. 
Solving these cubic equations, the bulge thicknesses h~ and h 2 can be determined. 
6. Writing r for ra/r2, we obtain from equations (I) and (4) the equation 
F l (O ' ) - -g - -9cosO'+ cos30 '+I I6A IA  ~ -- 12/ / " - - (8 -9cos  ~v'+ cos3~P')AiA~]/(rA3, sin 3 ~'/sin3 0')  __. 0. 
After finding 0' by solving this equation, one may proceed further to determine 0 by using the relation 
0 =cot - ' ( !  cot 0 ' ] .  
7. By equation (1), since r 2 = A s s ink' /s in 0', the value of r~ can be obtained for a given value of r. 
8. Since h I is already known, the parameters r H and r~ may now be calculated by using the qualities rH = r i + h I and 
r22 = r2 + hl. 
9. Writing R i/R 2 = R, we have from equations (2) and (5) the equation 
F 2 (~ ' )  = 8 -- 9 cos ~b' + cos 3~'  - [r H r~2 (8 - 9 cos 0' + cos 30') + 8[(A0u - h02)(A022 - h02)2 _ (Aol + hol )(Ao2 + ho2)2] 
x (1 - ~A' cos ~ '  + ½A" cos 3 ~')]/[R(A22 -- h2) 3 sin 3 ~V'/sin 3 ~b '] = 0. 
We first solve this equation for ~b' and then calculate ~b by employing the relation 
~b = cot -I (cot O'lR). 
10. From equation (2), one finds 
R~ = (A~ -- h2) sin IP'/sin ~'.  
After R 2 is found from this relation, the value of R~ can be calculated for a given value of R, since R I = RR 2. 
11. h 2 being already determined, the parameters R ,  and R22 may now be obtained by using the equalities 
R,  = Rl + h2 and R22 = R2 + h~. 
12. The elliptic integrals involved in the expressions (16) for the quantitities Lj, M~ and Sj (i = 1, 2; j  = 1, 2, 3, 4) and 
the expressions for the corresponding quantities in the zero stress state are calculated. 
13. After determining the values of all the geometrical parameters involved in the mathematical nalysis, the value 
of E whose expression is given in expression (I 1), is computed. If the value of E is not zero, not even approximately so, 
another value of A~ is chosen and the entire computational procedure is repeated. This process is continued until the quantity 
E vanishes within the desired limits of accuracy. 
14. Finally, the expression (13), (14) and (17) are computed in order to determine the numerical values of the stress 
ratios as well as the height ratios for the specific aneurysm problem studied here. 
